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Introduction 


(This introduction is not a part of IEEE Std C57.119-2001™, IEEE Recommended Practice for Performing Temperature 
Rise Tests on Oil-Immersed Power Transformers at Loads Beyond Nameplate Ratings.) 


This introduction provides background related to the development of this recommended procedure. Addi- 
tional information may be found in Annex B. 


Over the years, there has been a marked increase in the practice of loading transformers beyond their name- 
plate rating. In the past, many transformers were loaded beyond nameplate rating only during short time 
emergencies. Today, many users have established loading practices which subject transformers to loads 
beyond nameplate rating on a planned basis during periods of seasonal or daily peak loads, in addition to 
unexpected loads occurring during short or long time emergencies. 


Former ANSI loading guide C57.91 provided loading guidelines for distribution transformers, ANSI C57.92 
provided loading guidelines for power transformers rated 100 MVA and below, and IEEE Std C57.115™ 
provided loading guidelines for transformers rated above 100 MVA. All of these documents have been com- 
bined into a revised IEEE Std C57.91™. These documents provide transformer loading guidelines based on 
judgment gained from years of experience of loading transformers. However, prior to this document, no 
standard test procedure existed to evaluate the consequences of loading a transformer at loads beyond name- 
plate rating. 


Investigations carried out in the past by transformer users raised concern about the accuracy of the equations 
and empirical constants used in the transient loading equations of these loading guides. Their experience 
with monitoring operating transformers indicated that transformers could carry loads greater than nameplate 
rating, without apparent damage. Also, there has been concern that ancillary equipment, such as tap 
changers, bushings, and instrumentation may not have the same overload capabilities as the core and coil 
assembly. 


The above conditions and concerns led to a desire for a test procedure that would: 

a) Provide data on the thermal characteristics of oil-immersed transformers to be used to evaluate the 
accuracy of the equations and empirical constants used in the loading equations in the oil-immersed 
transformer loading guides. 

b) Demonstrate that a transformer may be loaded with a specified sequence of loads, including loads 
beyond nameplate rating, without exceeding those temperatures specified or agreed upon by the user 
and manufacturer. 

c) Demonstrate that the ancillary equipment on an oil-immersed transformer would not impose limita- 
tions on those loading conditions recommended in the loading guides. 


This guide describes three test procedures. Clause 9 describes a test procedure for determining the thermal 
characteristics of an oil immersed power transformer. Clause 10 describes a test procedure for performing 
load cycle temperature rise tests to assess the capability of a transformer to be loaded with a specific load 
cycle. Clause 11 describes a recommended integrated procedure for determining thermal characteristics and 
performing a load cycle temperature rise test. 


It is anticipated that data obtained from tests performed in accordance with these procedures will be col- 
lected and analyzed by a future IEEE Working Group to establish a database that can be utilized to improve 


the accuracy of the assumptions and equations used in future loading guides. 


References to other standards have been updated where applicable and all units of measurements are speci- 
fied in metric units only, wherever practical 


All cooling class designations have been replaced with new cooling class designations per Table 2 of 
IEEE Std C57.12.00-2000™. 


iv Copyright © 2002 IEEE. All rights reserved. 


Participants 


The working group that coordinated the final compilation of this standard had the following membership: 


Subhash Tuli, Chair 


Kenneth J. Fleming 


At the time this recommended procedure was completed, the Thermal Test Working Group had the following 


membership: 


Jacques Aubin 
Donald E. Ayers 
Ronald L. Barker 
Michael F. Barnes 
Barry L. Beaster 
William E. Boettger 
Jerry L. Corkran 
James Cross 

Frank David 

Jeff Fleeman 
Michael A. Franchek 
Monroe L. Frazier 
David F. Goodwin 
George Henry 


Robert L. Grubb, Chair 
Donald J. Fallon, Secretary 


Keith R. Highton 
John J. Hinkson 
Virendra Jhonsa 
Eugene Kallaur 
Jim Long 

Donald L. Lowe 
John W. Matthews 
C.J. McMillen 
William J. McNutt 
C. K. Miller 


R. E. Minkwitz, Sr. 


Steve P. Moore 
Ed Norton 


Dennis Orten 
Mark D. Perkins 
V.Q. Pham 
Linden W. Pierce 
Donald W. Platts 
Vallamkonda Sankar 
Vic Shenoy 
Hyeong Jin Sim 
Ronald W. Stoner 
Malcolm Thaden 
Subhash C. Tuli 
Robert A. Veitch 
Felipe N. Weffer 
Robert J. Whearty 


Other individuals who have made significant contributions to the development of this document as former 


members of the Thermal Test Working Group are the following: 


John J. Bergeron 
Orion O. Chew 


Copyright © 2002 IEEE. All rights reserved. 


David H. Douglas 


James J. Kunes 
Dave Takash 


Paul Ahrens 

Dennis J. Allan 

Jim C. Arnold 
Jacques Aubin 
Ronald L. Barker 
Michael F. Barnes 
Oscar M. Bello 
Edward A. Bertolini 
Wallace B. Binder 
William E. Boettger 
Joe V. Bonucchi 
John D. Borst 
William Carter 

Don Chu 

Jerry L. Corkran 
Dan W. Crofts 
Robert C. Degeneff 
Robert M. Del Vecchio 
Richard F. Dudley 
John A. Ebert 

Fred E. Elliott 

Don J. Fallon 

Joe Foldi 

Bruce I. Forsyth 
Ron Fox 

Michael A. Franchek 
Dudley L. Galloway 
Saurabh Ghosh 
Donald A. Gillies 
David F. Goodwin 
Richard D. Graham 
Robert L. Grubb 
Ernest Hanique 
James H. Harlow 


Roger R. Hayes 
William R. Henning 
Keith R. Highton 
Philip J. Hopkinson 
Y. Peter Iijima 
Virendra Jhonsa 
Anthony J. Jonnatti 
Lars-Erik Juhlin 
Joseph J. Kelly 
Egon Koenig 

Barin Kumar 

John G. Lackey 
Donald N. Laird 
Larry A. Lowdermilk 
Donald L. Lowe 
Joe D. MacDonald 
William A. Maguire 
John W. Matthews 
Jack W. McGill 


Charles Patrick McShane 


Joseph P. Melanson 
R.E. Minkwitz, Sr. 
Harold R. Moore 
Steve P. Moore 
Daniel H. Mulkey 
Charles R. Murray 


William H. Mutschler, Jr. 


Larry Nunnery 
Dennis Orten 
Bipin K. Patel 
Dhiru S. Patel 
Jesse M. Patton 
Dave Payne 
Paulette A. Payne 


The following members of the balloting committee voted on this standard. Balloters may have voted for 
approval, disapproval, or abstention: 


Dan D. Perco 

Mark D. Perkins 
Linden W. Pierce 

R. Leon Plaster 
Tom A. Prevost 
Mark Rivers 

Arlise L. Robinson, Jr. 
John R. Rossetti 
Vallamkonda Sankar 
Leo J. Savio 

Rick Sawyer 
Dilipkumar Shah 
Devki Sharma 

Vic Shenoy 

Hyeong Jin Sim 
Tarkeshwar Singh 
James E. Smith 
Jerry W. Smith 
Stephen D. Smith 
Steven L. Snyder 
Ronald J. Stahara 
Peter G. Stewart 
John C. Sullivan 
James A. Thompson 
Robert W. Thompson 
Thomas P. Traub 
Alan Traut 

Robert A. Veitch 
Loren B. Wagenaar 
Barry H. Ward 
Robert J. Whearty 
Charles W. Williams 
William G. Wimmer 
F. N. Young 


When the IEEE-SA Standards Board approved this standard on 6 December 2001, it had the following 
membership: 

Donald N. Heirman, Chair 

James T. Carlo, Vice Chair 

Judith Gorman, Secretary 


Satish K. Aggarwal 
Mark D. Bowman 
Gary R. Engmann 
Harold E. Epstein 
H. Landis Floyd 


James H. Gurney 
Richard J. Holleman 
Lowell G. Johnson 
Robert J. Kennelly 
Joseph L. Koepfinger* 


James W. Moore 
Robert F. Munzner 
Ronald C. Petersen 
Gerald H. Peterson 
John B. Posey 


Jay Forster* Peter H. Lips Gary S. Robinson 
Howard M. Frazier L. Bruce McClung Akio Tojo 
Ruben D. Garzon Daleep C. Mohla Donald W. Zipse 


*Member Emeritus 
Also included is the following nonvoting IEEE-SA Standards Board liaison: 


Alan Cookson, NIST Representative 
Donald R. Volzka, TAB Representative 


Noelle D. Humenick 
IEEE Standards Project Editor 


Vi Copyright © 2002 IEEE. All rights reserved. 


Contents 


1 QV EL VIC Wii eo 2s. sesdes oe ashace dosteachceedet esatdest sueiscs dea soesispeas ddeddshsadesaeatsabsesssreccagseeseussabay doseadsateerdeeesardestapvecasde 1 
PA! © SCOPS shes pated wrtateseite ens han ead se ene ad ee eae nea wie 1 
122) PURPOSE 25 cedssc cs. 25s c8es esas ha Seedetie sak feet Su ba cadet ested aga ca sogd aa tageedezessdscedes enced detice os tease doentsbladeasenasaesageeestiazes 1 
De; /RELELEMCES s:cesaedecsecsuats seosiee wee ee ata ei srelath og eaten eich eevee deb Ate d aeds tees tededed sede ols ade athadetaetsasices 2 
3, Defimtions:and ‘symbols yiiisikcia eRe iets Ai ag ee dee ea 3 
Sid. DOEMIIONS sic essdeces eects iSesdeciseddestssS is ssdes costae aeedicg tecus dens satscaeeasdesesbicels dest qeeabepeaeestssseededas vias 3 
BZ SYMIDOIS 505s sas ee5 Seals eis eich eee Bales Ee ee ee A sd ected epee ei OU chs 4 
Ais Gree tall. :s: sec, cessed ee sacdstecs atis dhe vdsseseadestayssias dvs dedbcneeadeesdebaptec dust suadeutesaeasg Abd seh assay, desastedbsevereeatigtavibienss 1 
4); :Prelimitiary evaluation wi.2t. 0d Se Sascieeke ei vh a ee el Whe he tee it 
4.2» Cooling- equipment: Operatlonys. v.24. evi esetercaes che eps eve ditegee th had Mest estasnyaien eee deen ety anterddates 7 
Di: . PreCautiOns « ésvvczecsecscses shes eeeete esha eisshath og deste nav ea stic ethene Ate aide tees tedaied ead a at aes ees entsiae ss 7 
Sul Thermal de srad ation ssi: essences sti ies Rei icnuaikisin wel ee ene eu ee eaters enna 8 
5.2 Other factors limiting loading .0... eee eeeeseceseeseceseceecesecseceaeseeeseceeessecsaeeseesaeeseeeseeneeeaeen 8 
323: Monitoring Of test LESULIS ses. ces. cesta: dosh seedeceedh fetee rt odeeetaetepeeses danas Sistas dese dated hecoeeni ee ened 8 
2-4: Maximum temperatures: s..ciecciasg iasasteoeesstectinaesaieiedasins naseans diate ais dssheee hearst eonteneesetleel 9 
G:.° “Momitored: data ict s.steevtesctvedess ecu duvedtesneceenneassein tarde eusbousnuidunr isa tex aus andsbece co uadeveberer ieee te edilatees 9 
6.1 Ambient airtemperature:.:.5:.05h.devide tei eee hart iredaie Hav Ae us eteev eects Oede 9 
672, “Or Temperatures a. scecivn Bocce. seh cee cede Band esse caegetastitel ech sated vacua chs csatiecouseseeg daode hs aetec ts eeeasvepvanseseuey 9 
6:3 Other temperatures ii eceveu need ees nde teie ates dees iets eae i eta Renee bee ee 9 
GA CUITOMts os csicevseed ete Lacs uetbecedes csctdistavebabedec donee deed csedseteadesdesesssdeestesced iideelisdes vogsteliedaiseeaetdge ss Shaacen 9 
dese ROCOUMEM at aces neti Fas eeien Sod sees tevseste ds eves hoc Mig RO a Sag ese ek eee seat teens Be loeraeee eee devas 9 
Ted: VLOSSOS.. Pace ce dus eters beste te ted ec Scie ee Soe cuag a eeedes cede ou capes Ganesan te eeet cde estes a tedudos ha avede cles easdae vets 9 
7.2 Temperature indicator reading .0..... eee eeeeseeseceeeseceseesceesececesecseceaeceeeaeceeeeaesseeeaeeeaeeseenaeeaees 10 
7.3 Tank surface and other temperatures .0...... cece eee esceseeseeesecsecesecseceaecsaceaeceeeeseseaeesessaeeseenseesees 10 
PAP OWICVel ss, siacvcessslees cavtotcust cceundivesés tasegansd dansttesacsussnsonsondivee dens ieyanougantsstsadostss esenureaseadcsveasgusssevenes 10 
82 > Oilsamiples:. 4.22 seared Akh eel ne tei eh ee Sk ia 10 


9. Test procedure for determining the thermal characteristics of oil-immersed power transformers.... 10 


9.1 Tap position and CONNECTION 0.0... eee eeeceseeeeneeesseeeseecsaeesseeesaeesseeeaeceseecaeesseecsaeesseeesaeeneeeaeeeee 11 
92: NUMbEROL TeStS css. cese ese eaedinens eevee a a sehen cae ae aye eniensls Sede sens evaneade aa eaveeersaateere dees 11 
9:3' . Applied: test CUPPEIUS 02. coccc5 5 i. Saccheeacs Rend c ice costetanned sie eDaseaersoans eeateee a baeea saan Secueees Ra ctebenaee ds 11 
9.4: "DISCONUMUEH ALESIS: Arisa cavdeiecocvestdsevevertess tecttecduat cet cs thea eretaeeacserestotadentaas tens conttentten a natehaeeet 11 
9.5 Temperature rise test at rated oad ...... ce eceeceesceeseeseeeeeesececeeseesceesececeseceeeaeenaeeaeceseeaeeeseeseeeseesees 12 
9.6 Temperature rise test at reduced 10ad oo... ee eee ceeeseeseeeeesceeseceeceaeceeceaecesecseseaecaeenaeeseeeaeesees 12 
9.7 Temperature rise test at load beyond nameplate rating ..... eee eee ese ceceeeeceeeeseenseeseeeaeenees 13 
9.3." Evaluation:or thermal data. icesitsscssedianvecstaceteccswernpcectsidurece th avitededertessip eaters heeeiaeeveeenbdiat 13 
99° -Evaltiation Of Other Catia sie. ccuscivsces cxevee ocduavescecesycens cs snsessoccesevantseseageata euctdan covedsvouhedees commeuneesteevins 16 


Copyright © 2002 IEEE. All rights reserved. Vil 


10. Test procedure for performing load cycle temperature rise teSts...... eee ee eee eeeeeeeeseeeeeesereeenseeeees 16 


10.1 Recommended prior tests ..:.:::.sae.iccusedscadecescesstel coeds catedsstaceusceetasencesisvedea bs dda eeeseevbedeb eeteseaaue cd 16 
10.2 Information specified by USeP oo... eee eeeeteceeeeseeseceseeseeesecseesaecseceaecseeeseceeceaeceeesaeseseeseeeaeeaees 16 
10.3 Determination of load CYC]e oo... eee eeeeceeseeeeseeeesesseceseeseeeaececesecseceaesseeeseceeseaeseesaeeeaeeaeeeaeesees 17 
10:4:Preparatory Calculations ies :isz.scivess socssedsssestastecs ses satuioseasecschcevessgsauteens odes iota aazeasagne aces eeodeaseeeaseed 18 
105: Data recorded vaca. sees sees ececien de Shaeeadcscd sche sus Festi cs See gh eet bs bese tebs bade ck adda does du baed sbeastescesbeeuieesadueed 18 
1026 Dest procedure csi.issassecessads datera i. ostases det sotsicsoateetdags tustadesspats posh sHiase bi vatsiecdvesidhaesesbeagseidedvsseseas 18 
10.7 Interrupted test i. sectitccccse cies fechas tedse sk cunts costa hae elbes edecaevc passes daxdetoeaee idl cess seeuetedeeeereeane ss 19 
10.8 Assessment of transformer performance 00.0... ee eeeeseeseeeseeseeeseceeeeaecceeseceseeseceeecaeeeseeseeeaeesees 20 


11. Integrated test procedure for determining thermal characteristics and for performing 


load cycle temperature rise teSts ...... ee eect eecesecseeeseeeeeeseceeeesecsaeeseesaecsecsseeaecsseeaeensessesesesseseaeenes 20 

LL:1 Load cycle:simulation is.cictidi nie tecis ded teia Ged aitlgiel diate dnttad iaieatalelasaiagass 20 

11.2 Preliminary: evaltation si). ciec scscies decisadiesveeaicaaas dacdsusbacesseeuseasedespesnsectsccsesveadbtedsigeescebspetcedeaeesbes 20 

LLB TESt procedure sx, cxcecdseecl eden cuaidasectetecs avtincdecaesavarhcslees ideyentePescvect othe sWanvendea ta cva evade clodenebes deasveueananacy 21 

UE A Tinitial test, soc sescits tess akceedbt ade vacsedeesieaah nae bistecsecvnesassaate tes htuetecseitnn este, hep eedes See uatas aaethastts 21 

15 “Conditioning 1Oad ered. c a eesieeds siekeeaetaesiiea a sdk ts eee Aads Hdl Saiehdiasd wddeed eet was wee A 21 

11.6 Beyond maximum nameplate test 0.0... eee eeseeseceeeseeesecseceaeeseceaeseeeseceeceaesnsesaeseaeeseseaeeaees 21 

V7 Bimaltest 1.36, s22 oieectoatte eet iphiv ak va taede Sons guegii esol aes See ee ev Pa See eee ates 21 

Annex A (normative) Loading guide equations... eeceesececcesscesceseeesecsecesecsecesesseeeseseessecseeeaeesseeaeens 22 
Annex’ B:(ntormative) Tutorial soon 52220. cece. dha va cscees headed ceded sess eedbeeeh tessa aie 24 


Annex C (informative) Hottest spot measurements using direct reading fiber optics 
LEMpPerature MeaSULeMe\4Nts.. .iisssrceisesipecrcvesaccssessedeaganerevanesicacssdvansdvevsderesigedasinigessacestoenssesnprévenses 35 


Annex. D: informative) Bibliography. .....:csses.scaspepesascisstecases savigdeseaecenecencsedpaadesepsdsheguseaacseabeperteeseptipessdeasoes 37 


Vill Copyright © 2002 IEEE. All rights reserved. 


IEEE Recommended Practice for 
Performing Temperature Rise Tests on 
Oil-immersed Power Transformers at 
Loads Beyond Nameplate Ratings 


1. Overview 


This document consists of three recommended test procedures, each to determine or verify transformer ther- 
mal capabilities for different purposes. Clause | through Clause 8 include information applicable to all three 
test procedures. Clause 9 is a recommended test procedure for determining the thermal characteristics of an 
oil-immersed power transformer from data obtained from three temperature rise tests at three specified 
loads. Clause 10 is a recommended procedure for performing a temperature rise test while applying a vary- 
ing load, conforming to a specified loading profile, to verify that specified transformer temperatures do not 
exceed guaranteed values when the transformer is loaded to the specified loading profile. Clause 11 is a rec- 
ommended procedure, combining the procedures in Clause 9 and Clause 10, with the objective of achieving 
the purpose of both clauses with reduced test time. Clause 11 is similar to Clause 10, except that the three 
loads are selected to simulate the temperatures expected to occur during a specific load cycle. Each of the 
procedures may be performed independent of the other. However, it is recommended that tests per Clause 9 
be performed before Clause 10, if both tests are to be performed. 


1.1 Scope 


This recommended practice covers temperature rise test procedures for determining those thermal character- 
istics of power transformers needed to appraise the transformer’s load carrying capabilities at specific 
loading conditions other than rated load. 


1.2 Purpose 


These recommended test procedures for performing temperature rise tests on power transformers are for the 
purpose of 


a) Determining the thermal characteristics of a transformer needed to appraise the thermal performance 
of a transformer at loads other than nameplate rating 


b) Verifying that a transformer can be loaded with a specified load profile without exceeding specified 
temperature rise 
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c) Assessing a transformer’s performance during transient loading, simulating a load cycle that 
includes loads in excess of nameplate rating 


Tests performed in accordance with Clause 9 are for the purpose of determining transformer thermal charac- 
teristics in a consistent manner. Data may then be accumulated from a large number of transformers and 
used to evaluate the accuracy of the equations and the empirical constants used in the loading guides. 


Tests performed in accordance with Clause 10 are for the purpose of demonstrating the thermal effects of 
loading a transformer with a specified sequence of loads, including loads beyond nameplate rating. 


Tests performed in accordance with Clause 11 are for the combined purposes of determining the thermal 
characteristics of a transformer and demonstrating the thermal effects of loading with a designated load 
cycle. This is accomplished by performing temperature rise tests at three loads, similar to Clause 9, except 
the three loads are selected to simulate the thermal effects of a specific load cycle. 


It is not intended that all of these procedures be performed on a transformer design. It is intended that only 
one of the following combination of test procedures be specified: 


a) Clause 9 only, when thermal characteristics are to be determined. 


b) Clause 10 only, when only verification of complying with temperatures limits when loaded to a spe- 
cific load profile is needed. 


c) Clause 9 plus Clause 10, when both thermal characteristics and verification of compliance with tem- 
perature limits when loaded to a specific load profile are needed. 


d) Clause 11 when both thermal characteristics and verification of compliance with temperature limits 
when loaded to a specific load profile are required, and the load profile can be represented with three 
steady state loads. 


The user should specify which of the test procedures are required at the time of specification. 


A further purpose of these procedures is to obtain information with respect to possible loading limitations 
imposed on the transformer by oil levels and ancillary equipment when the transformer is operated at loads 
beyond nameplate rating. 


2. References 


This recommended practice shall be used in conjunction with the following publications. When the follow- 
ing standards are superseded by an approved revision, the revision shall apply. 


ANSI C57.12.10-1997, American National Standard for Transformers 230 kV and Below 833/958 through 
8333/10 417 kVA, Single-Phase, and 750/862 through 60 000/80 000/100 000 kVA, Three-Phase without 
Load Tap Changing; and 3750/4687 through 60 000/80 000/100 000 kVA with Load Tap Changing — Safety 
Requirements.! 


IEEE PC57.130™/D13, Draft Guide for the Detection and Identification of Gases Generated in Oil 
Immersed Transformers During Factory Tests 2 


TANSI publications are available from the Sales Department, American National Standards Institute, 25 West 43rd Street, 4th Floor, 
New York, NY 10036, USA (http://www.ansi.org/). 


>This IEEE standards project was not approved by the IEEE-SA Standards Board at the time this publication went to press. For infor- 
mation about obtaining a draft, contact the IEEE. 
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IEEE Std C57.12.00-2000™, IEEE Standard General Requirements for Liquid-Immersed Distribution, 
Power, and Regulating Transformers.° 


TEEE Std C57.12.80-1978™ (Reaff 1992), IEEE Standard Terminology for Power and Distribution 
Transformers. 


IEEE Std C57.12.90-1999™, IEEE Standard Test Code for Liquid-Immersed Distribution, Power, and Reg- 
ulating Transformers and IEEE Guide for Short Circuit Testing of Distribution and Power Transformers. 


IEEE Std C57.91-1995™, JEEE Guide for Loading Mineral-Oil-Immersed Transformers. 


IEEE Std C57.104-1991™, TEEE Guide for the Interpretation of Gases Generated in Oil-Immersed 
Transformers. 


NOTE —At the time this guide was approved, IEEE PC57.130, Draft Guide for Gas Analysis During Factory Tests was 
in the development process. When issued, it should be used as a reference instead of IEEE Std C57.104-1991™, 


3. Definitions and symbols 


3.1 Definitions 


For the purposes of this recommended practice, the following terms and definitions apply. Unless otherwise 
specified, transformer-related terms are defined in IEEE C57.12.80-1978™ 4 The Authoritative Dictionary 
of IEEE Standards Terms |B 10}> should be referenced for terms not defined in this clause. 


3.1.1 average winding temperature: The average temperature of the hottest winding as determined from 
the ohmic resistance measured across the terminals of the winding in accordance with the cooling curve pro- 
cedure specified in IEEE Std C57.12.90-1999™, 


3.1.2 average winding temperature rise: The arithmetic difference between the average winding tempera- 
ture and the average temperature of the air surrounding the transformer. 


3.1.3 directed flow (oil-immersed forced oil cooled transformers): This indicates that the principal part of 
the pumped oil from heat exchangers or radiators is forced, or directed, to flow through specific paths in the 
winding. 


3.1.4 equilibrium temperature: A temperature of a measured quantity that does not vary by more than 
2.5% or 1 °C, whichever is greater, during a consecutive 3-hour period. 


3.1.5 exponent m: One-half of the exponential power of per unit load current K versus winding temperature 
rise. 


NOTE—This definition of m is not in strict accordance with the definition in previous loading guides IEEE Std 
C57.92-1981™ and IEEE Std C57.115-1991™. These loading guides defined the exponent m as a function of losses but 
used it as an exponent of the load [see Annex A, Equation (A.2)]. The definition above is in accordance with the use of 
the exponent in the equations in these documents and with the definition in IEEE Std C57.91-1995™., 


3.1.6 exponent n: The exponential power of (K°R + 1)/(R + 1) versus top oil temperature rise. 


3TEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway, 
NJ 08855-1331, USA (http://standards .ieee.org/). 


‘Information on references can be found in Clause 2. 
>The numbers in brackets correspond to those of the bibliography in Annex D. 
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NOTE— This definition of 7 is not in strict accordance with previous loading guides IEEE Std C57.92-1981 or IEEE Std 
C57.115-1991™., These loading guides defined n as an exponent of the total loss versus top oil temperature rise. However, 
the loading guides calculate the ultimate top oil temperature rise at any per unit load K using a function of load, (K*R + 
1)/(R + 1), to estimate the total losses. Because of assumptions made to simplify this loss function, the exponent obtained 
experimentally from a plot of measured losses versus temperature rise may be different than an exponent determined as a 
function of (K°R + 1)/(R + 1). In this procedure, n is defined and experimentally determined as a function of (K°R + 
1)/(R + 1) rather than the losses, to be consistent with its use in the equations in the previous loading guides and with IEEE 
Std C57.91-1995™, 


3.1.7 heat exchanger: An oil-to-air, or oil-to-water, heat exchanging device attached to an oil-filled trans- 
former for the purpose of exchanging heat from the transformer oil to the ambient media, typically requiring 
pumps for oil circulation and fans for circulation of the ambient air across the heat exchanging surfaces. 


3.1.8 hottest spot temperature: The maximum temperature of the surface of any current-carrying conduc- 
tor in contact with oil or insulation. See also: winding hottest spot temperature. 


3.1.9 nondirected flow (oil-immersed forced oil cooled transformers): This indicates that the pumped oil 
from heat exchangers or radiators flows freely inside the tank, and it is not forced to flow through the 
winding. 


3.1.10 oil-immersed transformer: A transformer in which the core and coils are immersed in an insulation 
oil. 


3.1.11 radiator: An oil-to-air heat exchanging device attached to a transformer for the purpose of exchang- 
ing sufficient heat from the transformer oil to the ambient air by natural convection of oil and air to comply 
with the ONAN rating temperature rise requirements. Additional heat may be exchanged by the addition of 
forced circulation of the ambient air or oil. 


3.1.12 transformer: An oil-immersed power transformer rated in accordance with IEEE Std 
C57.12.00-2000™ and ANSI C57.12.10-1997. 


3.1.13 top oil temperature: The temperature measured below the top surface of the oil in a transformer in a 
location to represent the average temperature of the topmost layer of oil in the transformer. It is the tempera- 
ture of the mixed oil that has circulated across the various heated surfaces inside the transformer and risen 
toward the top surface. 


3.1.14 winding hottest spot temperature: The maximum temperature of the surface of any winding con- 
ductor in contact with insulation or oil. 


3.2 Symbols 


Symbols listed is this clause and used in equations throughout this document have been selected in accor- 
dance with standard symbols adopted by the IEEE Transformers Committee, October 1988. Additional 
symbols, when required, were assigned following the style of the adopted symbols. 


Users of this procedure are cautioned that some of these symbols may be different from those used in the ref- 
erenced loading guides, which do not use symbols consistently. These loading guide equations have been 


rewritten in Annex A using symbols consistent with this document. 


Unless otherwise expressed, all temperatures and temperature differences are in degrees Celsius, and all 
times and time constants are in hours. 
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is the thermal capacity of transformer (watt-hours/°C). Also used as an 
abbreviation for degrees Celsius, as in °C. 

is the base of natural logarithm, 2.71828, (dimensionless). 

is the hottest spot factor (dimensionless). 

are the load currents corresponding to loads L, , L,, L3 (A). 


is the incremental current added to the load current for each interval of the load 
cycle test (A). 


is the rated line current at 100% of maximum nameplate rating. 


is the total current during tests simulating loads, L, , L, , and L, , equal to the sum 
of the load current and an additional current to simulate no-load losses (A). 


is the ratio of load L to rated load (dimensionless). 
is the ratio of conditioning load to rated load (dimensionless). 


is the ratio of per unit loads simulated by the three temperature rise tests, 9.5, 9.6, 
and 9.7, to the rated load (dimensionless). 


is the ratio of per unit current (reduced currents) held at the ends of the tests 9.5, 
9.6, and 9.7 to the rated load current (dimensionless). 


is the load under consideration in any units. 


is the RMS load of a 12-hour period preceding the period in the load cycle selected 
for the initial load (kVA). 


is the rated load (kVA). 


are the loads simulated by temperature rise tests at reduced load (10.6), rated load 
(10.5), and load beyond nameplate rating (10.7) (kVA). 


are the loads held during time intervals, f, , t, , t3,...t j (kVA). 


is (oil exponent) one-half the exponential power of per unit load current K versus 
winding temperature rise (see NOTE in 3.1.5). 


is the exponential power of (K2R+1)/(R+1) versus top oil temperature rise 
(see NOTE in 3.1.6). 


is the change in total loss due to change in load current (W). 


is the no-load loss corrected to the reference temperature specified in IEEE Std 
C57.12.00-2000™. 


is the total loss at rated load current equal to the sum of the load loss at rated 
current and no-load loss, both determined per IEEE Std C57.12.90-1999™ and 
corrected to reference temperatures as specified in IEEE Std C57.12.00-2000™. 
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are the total measured losses at loads L, , L, , L3 , respectively, when temperatures 
have stabilized (W). 


is the ratio of load loss at rated load to no-load loss (dimensionless). 

is the duration of load (h). 

are the time periods into which the load cycle is divided (h). 

is the average oil temperature rise of oil in winding over ambient temperature (°C). 
is the bottom oil temperature rise over ambient temperature (°C). 

is the winding hottest-spot temperature rise over top oil temperature (°C). 


is the winding hottest-spot temperature rise over top oil temperature at rated load 
CC). 


is the top oil temperature rise over ambient temperature at rated load (°C). 
is the top oil temperature rise over ambient temperature (°C). 


is the initial top oil temperature rise at the beginning of the load cycle (°C) test, 
t=0 (CO). 


is the top oil temperature rise over ambient temperature when temperatures have 
stabilized during loads L, , L, , L3 , respectively (°C). 


is the ultimate top oil temperature rise for load L (°C). 
is the temperature rise of top oil above the ambient air temperature (*C). 
is the average winding temperature rise over average oil temperature (°C). 


are the average winding temperature rises over average oil temperatures when 
temperatures have stabilized during loads L, , L, , L3 , respectively (°C). 


is the average temperature of the ambient air surrounding the transformer (°C). 

is the temperature of the hottest spot in the transformer winding (°C). 

is the top oil temperature (°C). 

is the (oil time constant) thermal time constant of the transformer top oil 
temperature rise for any load L and for any specific temperature differential 


between the ultimate top oil rise and the initial top oil rise (h). 


is thermal time constant of transformer top oil temperature rise for rated load 
beginning with initial temperature rise of 0 °C (h). 


is the winding time constant) thermal time constant of the average winding 
temperature rise above oil temperature (h). 
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3.2.1 Subscripts 


A ambient 

Cc conditioning 

R rated 

U ultimate 

i initial 

H winding hottest spot 
TO top oil 

Ww winding 

/ over 


123 Tests per 9.6, 9.5, and 9.7, respectively, or load interval in Clause 10 


4. General 


All temperature rise tests should be performed in accordance with procedures specified in IEEE Std 
C57.12.90-1999™, unless otherwise specified. The cooling curve method specified in IEEE Std 
C57.12.90-1999™, should be used to determine the average winding temperature rise. 


4.1 Preliminary evaluation 


Before these temperature rise tests are performed, the transformer design should be checked to determine if 
limitations other than insulation aging would limit loading of the transformer or cause catastrophic failure. 
(See 5.2.) 


4.2 Cooling equipment operation 


When performing tests to verify ONAN thermal characteristics, all forced air cooling equipment should be 
off for all three tests. When performing tests to verify thermal characteristics of forced cooled ratings, all 
three tests should be performed with cooling equipment, pumps and fans, appropriate for the forced cooled 
rating, in operation when applying load. Pumps used with the cooling equipment should remain in operation 
during resistance measurements. Fans may be turned off or left on during resistance measurements, as 
agreed upon by the manufacturer and the user. 


5. Precautions 


Risks are associated with performing temperature rise tests at loads beyond nameplate rating, similar to the 
risks associated with operating a transformer beyond its nameplate rating. Risks associated with operating 
transformers beyond nameplate rating are discussed in detail in IEEE Std C57.91-1995™. Before these tem- 
perature rise tests are performed, the transformer design should be reviewed by the manufacturer to 
determine if there are limitations other than winding hottest spot, and the resulting insulation aging, which 
would limit loading of the transformer or cause failure. Risks associated with these tests are discussed in the 
following subclauses. 
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5.1 Thermal degradation 


Accelerated thermal degradation will occur if the winding hottest spot temperature obtained during this test 
exceeds the maximum temperature rating of the insulation system. This thermal degradation may cause a 
small change in transformer fluid characteristics, such as increased gases dissolved in oil, increased power 
factor, or reductions in interfacial tension. If these changes are to be used to evaluate test results, the user and 
manufacturer should recognize that, presently, there are no approved standard limits on these changes, and 
they should agree, prior to performing these tests, what changes are permissible. 


5.2 Other factors limiting loading 
The following factors that may limit loading should be evaluated: 


a) Hottest spot temperatures of leads, and other components other than the winding 

b) Oil expansion space 

c) Stray flux heating of components 

d) Bushing loading capability 

e) Lead and cable temperatures 

f) | Current-carrying capability of tap changers for energized and deenergized operation 
g) Load-tap-changer interrupting capability 

h) Current transformer ratings 

i) Evolution of gas bubbles from insulation 


j) | Thermal capability of other associated equipment 


5.3 Monitoring of test results 


Data taken as the test series progresses should be monitored and analyzed to reduce the risk of damage. Data 
recorded during tests per 9.5 and 9.6 should be evaluated to determine if excessive hottest spot temperatures, 
top oil temperatures, or oil levels may occur during tests per 9.7 or Clause 10. A preliminary oil exponent n, 
top oil temperature, and hottest spot temperature may be determined from test data obtained in 9.5 and 9.6 
and used to estimate the maximum temperatures during tests per 9.7 or Clause 10. 


To minimize the risk of damage to the transformer, the thermal characteristics determined from 9.8, in con- 
junction with the equations from the loading guides, should be used to calculate the maximum temperature 
rises expected prior to performing the load cycle test per Clause 10. If thermal characteristics have not been 
verified by tests in accordance with Clause 9, the expected temperature rises should be calculated using 
design data prior to performing the test procedures in Clause 10. 


Oil expansion and pressure limitations should be evaluated using the measured data recorded in tests per 
Clause 9, if performed. In the absence of test data, calculated values of oil expansion and pressure, based on 
design data, should be used for evaluation. 


See Clause 2 for list of loading guide standards or Annex A for equations. 
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5.4 Maximum temperatures 

It is suggested the hottest spot be limited to 140 °C, and the top oil be limited to 110 °C, unless other values 
are agreed upon by the manufacturer and user. If it becomes apparent that excessive values may be obtained, 
the load specified in 9.7 should be reduced from the 125% value such that the top oil temperature, hottest 
spot temperatures, and oil levels are limited to acceptable values. 

6. Monitored data 

Data specified in 6.1 through 6.4 should be recorded for all tests. Unless otherwise specified, it should be 
recorded at intervals of 15 min, or less, until the top oil temperature change is less than 5 °C per hour, and at 


intervals of 30 min or less thereafter. 


Test system accuracy for each quantity measured should fall within the limits specified in IEEE Std 
C57.12.00-2000™, Table 21. 


6.1 Ambient air temperature 


Ambient air temperature should be measured in accordance with IEEE Std C57.12.90-1999™. 


6.2 Oil temperatures 


The top oil temperature should be measured using one or more thermocouples or suitable thermometers 
immersed approximately 50 mm below the top oil surface. 


Oil temperatures at the top and bottom of at least one radiator or heat exchanger should be measured using a 
thermocouple or a suitable measuring device in a suitable location to measure the average temperature of 
inlet and outlet oil. The radiator(s) or heat exchanger(s) selected should be those whose inlet and outlet oil 
temperatures are representative of the average temperatures of all radiators or coolers. 


6.3 Other temperatures 


Temperatures measured by fiber optic temperature sensors should be recorded on transformers equipped 
with these devices. 


6.4 Currents 


Input currents should be measured with an accuracy of +0.5% and held constant within +1.0%. 


7. Recorded data 


The data listed in 7.1 through 7.3 should be recorded at the conclusion of each test. 


7.1 Losses 


Input losses (W) should be recorded at stability and after the cutback to rated current. 
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7.2 Temperature indicator readings 


The following additional temperature measurements should be recorded if the transformer is equipped with 
the appropriate device. 


a) Top oil temperature, as indicated by the transformer liquid temperature indicator 


b) Winding temperature readings from properly calibrated, simulated, or direct reading winding tem- 
perature indicators 


7.3 Tank surface and other temperatures 


Tank surface temperatures should be measured by infrared scanning or other suitable external temperature 
monitoring methods when specified. Surfaces with temperatures exceeding the top oil temperature by more 
than 20 °C should be monitored and recorded. 


7.4 Oil levels 


For all transformers, except those with conservator-type oil preservation systems, the change in oil level due 
to temperature change should be determined from measurement of distance between the top oil level and the 
top of the manhole flange. 


8. Oil samples 


Oil samples should be taken immediately before and after each temperature rise test per 9.5, and immedi- 
ately after each temperature rise test per 9.6 and 9.7. One sample should be taken within one hour of the 
completion of the temperature rise tests, and an additional four consecutive samples should be taken at 
approximately two-hour intervals thereafter. When prior experience indicates that more or fewer samples are 
required, the number of samples may be changed by agreement with the manufacturer and user. Sampling 
procedures should be in accordance with IEEE Std C57.104-1991™. 


NOTE—At the time this guide was approved, IEEE PC57.130™ was being developed for sampling and analysis of oil 
during factory tests. When issued, sampling instructions per IEEE PC57.130™ should supersede these 
recommendations. 


Oil samples should be taken immediately before and immediately after the load cycle temperature rise test 
performed per Clause 10. 


Oil samples should be representative of the bulk of the oil in the transformer and taken at locations where the 
oil circulates freely and is well mixed. In some cases, particularly for transformers without forced (directed) 
oil flow, where oil may flow more slowly through the windings, it may be necessary to continue sampling 
after the end of the test to obtain reasonably uniform distribution of any generated fault gases into the total 
oil volume. 


9. Test procedure for determining the thermal characteristics of 
oil-immersed power transformers 


This clause prescribes a test procedure for performing a series of temperature rise tests on a transformer for 
the purpose of determining those thermal characteristics required to calculate the thermal performance of the 
transformer using the equations in the loading guides. These thermal characteristics and equations may be 
used to predict the transformer’s performance during loading conditions other than at rated conditions. 
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Tests should be performed using the procedures specified for the short-circuit method of simulating load per 
IEEE Std C57.12.90-1999™, except when otherwise specified in this recommended practice. Where proce- 
dures described in this document and IEEE Std C57.12.90-1999™ differ, the procedures recommended in 
this document are preferred. The cooling curve method shall be used to determine average winding tempera- 
ture rises. 


9.1 Tap position and connection 


The transformer should be tested in the combination of connections and taps specified in IEEE Std 
C57.12.90-1999™ 


9.2 Number of tests 


Temperature rise tests at three different load levels should be performed with the same cooling equipment in 
operation to provide data to verify the following thermal characteristics of the transformer: 

a) Top oil temperature rise AO, 

b) Average winding temperature rise AO,, 

c) Winding hottest spot temperature rise AO, 

d) Oijlexponent n 

e) Winding exponent m 

f) Thermal time constant of the transformer top-oil temperature rise Tro 

g) Thermal time constant of the winding temperature rise Ty 


h) Oil level change with respect to top oil temperature change 


9.3 Applied test currents 


The three different applied currents should be selected to produce the total losses anticipated at loads of 
approximately 70%, 100%, and 125% of maximum nameplate rating. These loads were arbitrarily chosen to 
provide test losses approximately equal to total losses of 50%, 100%, and 150% of those at rated load. Other 
values may be chosen, provided that the differences among losses is sufficient to determine the exponents n 
and m (see Clause 11). 


9.4 Discontinued tests 


If a test is shutdown or data are not recorded prior to reaching 80% of the change between initial and final 
top oil temperature rise over ambient, the test should be stopped, the oil temperatures allowed to cool down 
to within 5 °C of the initial values or the ambient air temperature, whichever occurs first, and the test started 
over. 


If a test is shutdown or data are not recorded after reaching 80% of the change between initial and final top 
oil temperature rise over ambient, the test may be resumed and data taken until the top oil temperature rise 
above ambient does not vary by more than 2.5% or 1 °C, whichever is greater in a time period of three con- 
secutive hours. 
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9.5 Temperature rise test at rated load 


A temperature rise test holding a constant current to simulate the losses at rated load should be performed as 
follows.’ 


a) Short-circuit one or more windings and circulate a constant current J equal to 100% of maximum 
rated current Zp plus an additional current to produce additional losses equal to the rated no-load 
loss. The current to be circulated may be determined using Equation (1). Maintain the current until 
the top oil temperature rise above ambient does not vary by more than 2.5% or 1 °C, whichever is 
greater in a time period of three consecutive hours: 


I I Pr (1) 


b) Record all data listed in Clause 7 and Clause 8 after top oil temperature rise has stabilized and while 
I; 1s applied. 

c) Reduce current to Jz and hold for a minimum of one hour. Calculate and record K,, as measured 
current J, for later use in 9.8.5. 


d) Immediately before the end of the time period while /, is being applied, record all data as specified 
in Clause 6 and Clause 7. 


e) Remove the load current and measure a series of hot resistances of the windings at appropriate time 
intervals to determine the average winding temperatures rises using the cooling curve method in 
IEEE Std C57.12.90-1999™. 


9.6 Temperature rise test at reduced load 


After completion of the hot resistance readings taken per item e) of 9.5, to reduce test time, the transformer 
may be allowed to cool down until the top oil temperature is equal to or cooler than that calculated for a load 
equal to 70% of rated load. When this top oil temperature is reached, continue with a second temperature 
rise test at reduced load in accordance with the following: 


a) Short-circuit one or more windings and circulate a constant current J/;, equal to 70% of rated cur- 
rent (0.7 x Ip), plus additional current to produce losses equal to the rated no-load loss. The current 
to be circulated shall be determined using Equation (2). Continue with this current until the top oil 
temperature does not vary by more than 2.5% or 1 °C, whichever is greater, in a time period of three 
consecutive hours: 


Pry 


Tp, = Ly, |= 2 
= NPL Pui 2 


b) Record all data listed in Clause 6 and Clause 7 after top oil temperature rise has stabilized and while 
T,, is being applied. 


c) Reduce the current to a value equal to 70% of rated current (0.7 x Ip ), and hold for a minimum time 
interval of one hour. Calculate and record K,, as measured current/I, for later use in 9.8.5. 


d) At the end of the one-hour period, and while holding a current equal to 70% of rated (0.7 x Ip), 
record all data as specified in Clause 6 and Clause 7. 


7It is recommended that the first test be at rated load to facilitate the direct measurement of t a 
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e) Remove the load current (0.7 x Ip), and measure a series of hot resistances of the windings at 
appropriate time intervals to determine the average winding temperatures using the cooling curve 
method in IEEE Std C57.12.90-1999™. Only those windings found to be the hottest windings in 
data taken per item e) of 9.5 need be measured. 


9.7 Temperature rise test at load beyond nameplate rating 


After completing the hot resistance tests per item e) of 9.6, data recorded during tests per 9.5 and 9.6 may be 
evaluated to determine preliminary n and m exponents. The preliminary exponents may be used to evaluate 
whether an excessive top oil temperature or winding hottest spot temperature may occur during this test. It is 
suggested that the winding hottest spot temperature be limited to 140 °C and top oil be limited to 110 °C, 
unless other values are agreed upon by the manufacturer and user. The top oil temperature and the measured 
rate of change of the oil level with temperature may be used to evaluate whether excessive oil levels may 
occur during this test. If it becomes apparent that excessive values may be obtained, the load may be reduced 
from the 125% value, so the top oil temperature, winding hottest spot temperature, and oil level are limited 
to acceptable values. 


After the evaluation of risk and the load beyond nameplate to be applied has been determined, proceed with 
the test as follows: 


a) Short-circuit one or more windings, and circulate a constant current J; , at rated frequency, equal to 
125% of rated current (1.25 x I), plus additional current to produce losses equal to the rated 
no-load loss. The current to be circulated may be determined using Equation (3). Continue applying 
this current until the top oil temperature does not vary by more than 2.5% or 1 °C, whichever is 
greater, in a time period of three consecutive hours. 


b) Record all data listed in Clause 6 and Clause 7 after the top oil temperature rise has stabilized and 
while [3 is being applied: 


| re eee ae (3) 
Pi3-Pyr 


c) Reduce the current to 125% of rated current (1.25 x Ip ) and hold for a minimum time period of one 
hour. Calculate and record K,3 as measured current//, for later use in 9.8.5. 


d) At the end of the one-hour period, while the current equal to 125% of rated (1.25 x Ip) is being 
applied, record all data as specified in Clause 6 and Clause 7. 


e) Remove the load current, and measure a series of hot resistances of the windings at appropriate time 
intervals to determine the average winding temperatures using the cooling curve method in IEEE Std 
C57.12.90-1999™. Only those windings found to be the hottest windings in item e) of 9.5 need be 
measured. 


9.8 Evaluation of thermal data 


The data recorded in tests per 9.5, 9.6, and 9.7 may be used to determine those thermal characteristics listed 
in 9.8.1 through 9.8.7, which are needed to solve the transformer loading guide equations in IEEE Std 
C57.91-1995™, 
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9.8.1 Top oil temperature rise 

The ultimate top oil temperature at rated load O79 pg and the average ambient temperature ©, were 
measured using the procedure in item b) of 9.5. The top oil temperature rise at rated load AO rg z is the 
difference (O79 p-O,). 


9.8.2 Average winding temperature rise 


The average winding temperature rise at each of the loads should be determined per the short-circuit method 
of performing temperature rise tests in IEEE Std C57.12.90-1999™, 


9.8.3 Winding hottest spot temperature rise 


The ultimate winding hottest spot temperature rise over top oil temperature at rated load AO;, p may be 
determined from the tests per 9.5 by any of the following methods, as agreed by the user and manufacturer. 


9.8.3.1 Winding hottest spot temperature rise determination—method 1 

The ultimate winding hottest spot temperature rise over top oil temperature may be determined from direct 
measurements of appropriate winding and oil temperatures using fiber optic temperature sensors, or other 
acceptable devices, when such devices have been installed. 

9.8.3.2 Winding hottest spot temperature rise calculation— method 2 

The ultimate winding hottest spot temperature rise over top oil temperature may be calculated by the manu- 
facturer using appropriate analytical or empirical methods available as part of their design practice. The 
manufacturer should be able to demonstrate by design tests that the procedures used predict the ultimate 
winding hottest spot within an accuracy agreed upon by the manufacturer and user. 


9.8.3.3 Winding hottest spot temperature rise calculation—method 3 


For non-forced oil cooled transformers, the ultimate winding hottest spot temperature ©;, p may be deter- 
mined using Equation (4), when agreed to by the manufacturer and user (see NOTE): 


On rR = 94+ A976 p+ FyAOW, 2 (4) 


For forced oil cooled transformers, the ultimate winding hottest spot temperature ©;, p may be determined 
using Equation (5), when agreed to by the manufacturer and purchaser (see NOTE): 


On r = 94+ AOz6, p+ 2[ AOn0, w-AOB0, 2 |+ FyAOw. (5) 


The ultimate winding hottest spot temperature rise over top oil temperature at rated load AO, pz is the 
difference between the winding hottest spot temperature at rated load Oy p and the ultimate top oil 
temperature at rated load O7¢ pg , measured in 9.5b. 


NOTE—This method has been incorporated into the IEC loading guides but has not been adopted by IEEE loading 
guides. Recommended values of F';, are controversial, and the manufacturer should be consulted for appropriate values. 
See B.3.1.3 for more information on this method and a discussion of appropriate values for Fy, . 


9.8.4 Top oil exponent n 


Top oil temperature rises determined by tests in accordance with 9.5, 9.6, and 9.7 may be used to determine 
the top oil exponent n [see Annex A, Equation (A.1)]. The exponent n is the slope of the line on log-log 
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paper that best fits the plot of the top oil temperature rises, AOro, 1 Aro, 7» and AOro, 3, measured in 
tests 9.5, 9.6, and 9.7, versus the calculated values of Equation (6) through Equation (8): 


[(Kr,)?R+1 | (6) 
R+1 

| (Kpy)?R +1] (7) 
R+1 

[ (Krs)?R +1) (8) 
R+1 


where K,, , K;,,and K,, are the per unit loads simulated by the three temperature rise tests, as calculated 
per Equation (9) through Equation (11): 


I, [Pp,-P 

Fen oil Ea SNE (9) 
Tr Pry 
To [Pp,-P 

Rig = fe I ENE 10 

EG id Pin ae 
Tz [P.3-P 

K.. = 3 [Lea * 11 

"TR Pi; oe 


The slope of the line may be determined by the slope of the line that best fits the data points plotted using the 
least-squares method. 


9.8.5 Winding exponent m 


The average winding temperature rise above average oil temperature from 9.5, 9.6, and 9.7 may be used to 
determine the exponent m in Equation (A.2). The exponent m may be determined by the line that best fits 
the data points determined from tests 9.5, 9.6, and 9.7, plotting AOy, , AOy,., and A©y, against K,,, 
K,»,and K,,,0n log-log paper. The exponent m is equal to one-half of the slope (2 x m ) of this line. The 
slope of the line may be determined by the slope of the line that best fits the data points plotted using the 
least-squares method. 


9.8.6 Oil time constant 


The thermal time constant of the oil may be determined by either of two test methods given in 9.8.6.1 or 
9.8.6.2. Overall, 9.8.6.1 generally produces shorter time constants than does 9.8.6.2 and is recommended as 
more conservative. On the other hand, 9.8.6.2 is included as a reference method when the time constant dur- 
ing cool down is needed. 


9.8.6.1 Oil time constant during heat up 
Starting with the oil at an equilibrium temperature for a first level of load (or no load), increase the load to a 
higher value and record the oil temperature at suitable time intervals until the ultimate temperature rise is 


reached. The oil time constant is equal to the time required for the oil temperature to change by 63% of the 
ultimate temperature change. 
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9.8.6.2 Oil time constant during cool-down 


Starting the oil at an equilibrium temperature for a fixed level of load, totally remove the load and record the 
oil temperatures at suitable time intervals until the oil approaches the ambient temperature. The top oil time 
constant Trg is equal to the time at which (AOQ;g—AQOzQ ;) has decayed to 37% of its initial value 
(A®r0, vy - A® 70, :)- 


9.8.7 Winding time constant 


A winding time constant Ty may be calculated from the hot winding resistance measurements taken to 
establish the average winding temperature rise over the average oil temperature.® First, the measured hot 
winding resistance versus time readings should be converted to average winding temperatures versus time 
data. Then, the average oil temperature versus time should be determined from the average of top oil and 
bottom oil measured temperatures at each time interval. Subtracting the average oil temperature from the 
average winding temperature at each time interval yields the average winding temperature rise over average 
oil temperature data needed to determine the time constant Ty . The winding time constant can be deter- 
mined from the data by plotting the average winding temperature rise over average oil temperature versus 
time on semi-log graph paper, using the least-squares method to obtain the best-fitting straight line. The 
winding time constant Ty, is equal to the time required for the average winding temperature rise over aver- 
age oil temperature to decay to 37% of its initial value. 


9.9 Evaluation of other data 


Because of the short duration (hours) of the temperature rise tests, evaluation by dissolved gas analysis pro- 
cedures in IEEE Std C57.104-1991™ may not be applicable to gases collected before and after a temperature 
rise test. IEEE PC57.130™ currently under development will provide guidance for evaluating by dissolved 
gases. Until IEEE PC57.130™ is issued, pass-fail criteria based on dissolved gases may be established by 
mutual agreement of user and manufacturer prior to the test. 


10. Test procedure for performing load cycle temperature rise tests 
This clause covers a recommended procedure for performing a temperature rise test to demonstrate a trans- 


former’s capability to be loaded with a specific sequence of loads, including loads beyond nameplate rating 
for specific time intervals. 


10.1 Recommended prior tests 


It is recommended that the thermal characteristics of the transformer be determined in accordance with 
Clause 9 prior to performing this load cycle test. 


10.2 Information specified by user 
The user needs to supply the following information prior to starting this test: 


a) Load cycle 
b) Maximum permissible winding hottest spot temperature rise over ambient air temperature 


c) Maximum permissible top oil temperature rise over ambient air temperature 


8This method may not be applicable or reliable for transformers with nondirected flow, forced oil cooling. 
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d) Maximum permissible level of combustible gases dissolved in the oil, when dissolved gases are to 
be used for evaluation of satisfactory performance 


e) Maximum acceptable loss of life 


10.3 Determination of load cycle 


The sequence of test loads and the time duration should be representative of the user’s anticipated operating 
conditions (daily load cycle), and it should be specified by the user. The representative test load cycle (L, 
through L fe) should be selected in steps of loads (L,, L,, L3,...L i ), each remaining constant over its time 
interval (t;-—t)), (t.-¢,), (t3 -—f),...¢;-£;_1) (see Figure 1). Preferably, the minimum time interval 
should be one hour, except for the maximum load duration, which may have a shorter time interval than one 
hour. The loads selected may be the arithmetic average of the loads over time intervals of one hour or less. 
For time intervals longer than one hour, the RMS load for the period should be used. 


The loads to be applied should be sequenced such that the load for the final interval (L, ) is that load calcu- 
lated to produce the maximum hottest spot temperature. The initial load (L, ) should be the load during an 
interval of the load cycle that occurs at least 12 hours prior to the interval of the final load. 


Calculated 


Hottest Spot ~\ 


Temperature °C 


L - Load {per unit) 


"t" = Test Period 
"At" = Test Interval 


Time - (hours) 
Figure 1— Determination of test load cycle from daily load cycle 
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10.4 Preparatory calculations 


The current required for the conditioning load and the input current for each load step should be calculated 
prior to beginning the test. 


10.4.1 Conditioning load 
A conditioning load L, should be applied prior to the initial load L, to bring the initial top oil temperature 


rise AO;ro ; to a value representative of the top oil temperature rise, which would occur at the time fy in the 
load cycle. This initial top oil temperature rise may be calculated using Equation (12): 


ere meee 12 
TOA OO io, eer | (12) 
K.., the ratio of the conditioning to the rated load, is calculated with Equation (13): 
K he 13 
C= i ( ) 


L,. is the RMS load of a 12-hour period preceding the period in the load cycle selected for the initial load. 
L. may be calculated per Equation (14): 


= EG) 
L, = se (14) 


10.4.2 Input currents to simulate loads 


Calculate the increase in current required to generate equivalent total losses for each loading condition in the 
load cycle test. The following procedure should be used: 

a) Calculate the ratio 1/R of no-load loss to load loss at rated load. 

b) Calculate K for loading condition L, , L,,L,...L fe 


c) From Figure 2, determine the percent increase in load current required for (/,,;)Q to equal the 
no-load loss. Calculate /,,, , [,,2 , 1,3 .--1,; by multiplying this percent increase times the load cur- 
rent/100. 


The input current to be held for each interval is the sum of the load current for that interval /;; and the 
increase in current /,,;. 


10.5 Data recorded 


Data listed in Clause 6, subclause 7.1, and subclause 7.2 should be measured and recorded during this test at 
intervals of 15 min, or less, and at the end of each load interval. 


10.6 Test procedure 


a) Short-circuit one or more windings, and circulate conditioning load current J. until the top oil tem- 
perature rise reaches AO;, ;. The load cycle temperature rise test may be started after the 
transformer top oil temperature rise has been stabilized for two hours at a temperature rise equal to 
AO7o,; plus/minus 2.5% or 1 °C, whichever is greater. 
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b) After the conditioning temperature has stabilized, record the data listed in Clause 6 and adjust the 
circulated current to a value equal to (J, , + J,,; ) for time interval f, . 


c)  Atthe end of time interval ¢, , adjust current to (J; +/,,. ) and hold for time interval f, . 


d) Repeat step c) of 10.6 for each of the time intervals from f, to ¢;, with an appropriate adjustment of 
current to compensate for no-load loss at each interval. 


e) At the end of time interval t;— 1 , adjust current to (/,;+/,,;) and hold for time interval rt; . At the 
end of time interval t; , shut down and measure hot resistance to determine the average winding tem- 


perature using the cooling curve method of IEEE Std C57.12.90-1999™. 


f) Correct the measured average winding temperature rise to current /;; using the method specified in 
the short-circuit method section of IEEE Std C57.12.90-1999™. 


- Percent increase in load current for (ly) Q = No-load loss 


hy 


Figure 2—Curve to determine I, , the incremental curve to be added to the load 


10.7 Interrupted test 


If the test is shutdown, or data are not recorded during the load cycle test because of equipment malfunction 
or other reasons, the test should be started over with the top oil temperature stabilized at AO7g ; . This is 
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Copyright © 2002 IEEE. All rights reserved. 


1 
R 


No-load loss 
Rated load loss 


Ratio =_ 


19 


IEEE 
Std C57.119-2001™ IEEE RECOMMENDED PRACTICE FOR PERFORMING TEMPERATURE RISE TESTS 


necessary because any interruption in the required load cycle would be a nonconformance to the load cycle 
being certified. Fans and pumps may be run during the cooling period to obtain the required initial tempera- 
ture rises. 


10.8 Assessment of transformer performance 


The load cycle temperature rise test will demonstrate a transformer’s specified performance when loaded in 
accordance with the specified loading sequence, if the following conditions are met: 


a) Winding hottest-spot temperature rise over ambient air temperature does not exceed that specified by 
the user for the specified load cycle. 


b) Top oil temperature rise over ambient air temperature does not exceed that specified by the user for 
the conditions tested. 


c) Tank surface temperature does not exceed the maximum allowable temperature for other metallic 
hot-spot temperatures (in contact and not in contact with insulation) given in the loading guides for 
the appropriate transformer rating and type of loading. 


d) Transformer tank oil does not spill. 
e) Bushings do not leak. 


f) |The quantity and composition of the gases in the oil before and after the test are within acceptable 
limits established prior to the test. (See 9.9.) 


If either the top oil temperature rise or the average winding temperature rise obtained from the load cycle 
temperature rise test does not confirm the values predicted by calculation, then the exponents and time con- 
stants used in the loading guide equations may be modified accordingly when used to determine temperature 
rises for this particular transformer. 


11. Integrated test procedure for determining thermal characteristics and for 
performing load cycle temperature rise tests 


This clause describes a recommended procedure for a combined temperature rise test that can be used in 
place of tests described in Clause 9 and Clause 10 whenever the load profile may be represented by three dis- 
crete loads, with the maximum load not exceeding a value, agreed upon by the manufacturer and user, which 
may be applied for time duration required for the top oil temperature to stabilize. 


11.1 Load cycle simulation 


A key requirement for the use of this integrated test procedure is to have a load test profile, which includes 
short-time or long-time loads in excess of nameplate rating, and which may be simulated by a thermally 
equivalent continuous load of a value acceptable to the manufacturer and user. This equivalent maximum 
load along with loads at 100% and at 70% of nameplate rating can provide the thermal data required to both 
simulate the maximum temperatures that may occur during the load cycle and provide data necessary to 
determine the thermal characteristics of the transformer. 


11.2 Preliminary evaluation 


The expected top oil and winding hottest spot temperature rises for those selected test loads beyond name- 
plate rating may be calculated using design data and formulae in IEEE Std C57.91-1995™, prior to 
performing the test. The transformer design may be checked to determine if there are limitations other than 
insulation aging, which would limit the loading of the transformer or cause catastrophic failure (see 5.2). 
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These limitations may be reviewed with respect to the temperatures anticipated to occur during this load 
cycle temperature rise test. 


11.3 Test procedure 
The basic combined test procedure consists of the following steps: 


a) Perform a temperature rise test at 100% of maximum nameplate rating in accordance with 9.5. 


b) Perform a temperature rise test similar to 9.7, while applying a load calculated to have the same tem- 
perature rises as the load cycle profile that is being simulated. 
c) Perform a test at approximately 70% of maximum nameplate rating per 9.6. 


d) Record all data specified in Clause 6 through Clause 8 for each of these tests. 


11.4 Initial test 


Testing should begin with a temperature rise test at rated load, as described in 9.5. Sequential shutdowns are 
made to determine the average winding temperature of each winding at equilibrium by measuring winding 
resistance. Hot resistance readings on subsequent shutdowns shall be taken on the winding with the highest 
average winding temperature. 


Winding time constants may also be determined from the winding resistance cool-down readings, taken as 
described in 9.8.7. 


11.5 Conditioning load 


The initial or conditioning load established just prior to beginning the beyond maximum nameplate load pro- 
file test should be determined per 10.4.1. If the top oil temperature remaining after completion of the initial 
test (see 11.4) is higher than the required initial top oil temperature, the load cycle test may be started when 
the top oil temperature has cooled to the required initial temperature. 


11.6 Beyond maximum nameplate test 


A beyond maximum nameplate load that produces a steady state hottest spot temperature equal to the maxi- 
mum hottest spot calculated for the specified load cycle should be determined as described in 10.3. During 
this beyond nameplate loading, test data should be collected as indicated in Clause 6 and Clause 7. 


During the beyond nameplate load profile test, all of the necessary data should be recorded for assessment of 
the transformer’s performance as described in 9.8. 


11.7 Final test 


Immediately after the beyond maximum nameplate load profile test is complete, the load should be reduced 
to 70% of maximum nameplate rating while full cooling is maintained. During cool down to the 70% load, 
hot resistance measurements may be recorded to determine the oil time constant during cool down, as 
described in 9.8.6.2. 
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Annex A 


(normative) 


Loading guide equations 


A.1 Explanation of equations 


The present loading guide IEEE Std C57.91-1995™ and previous loading guides IEEE Std C57.92-1981™ 
and IEEE Std C57.115-1991™ used equations to determine the top oil temperature rises and winding hottest 
spot temperature rises of transformers at loads other than nameplate rating. The symbols used in the 
equations of these documents were not used consistently. To avoid confusion, these equations have been 
rewritten in this annex using the new symbols adopted in 1988, to be consistent with the symbols used 
throughout this document. 


A.2 Ultimate top oil rise for load L 


ANSI C57.92-1981, Equation (6), and IEEE Std C57.115-1990™, Equation (3), are rewritten as Equation 
(A.1): 


K’R+ 1 


A®rz0,u = Aro, x] Rel (A.1) 


A.3 Ultimate winding hottest spot temperature rise over top oil for load L 


IEEE Std C57.92-1981™, Equation (7), and IEEE Std C57.115-1991™, Equation (4), are rewritten as 
Equation (A.2): 


2m 


Ay, = A@n pK (A.2) 


A.4 Transient heating equation for top oil rise over ambient temperature 
IEEE Std C57.92-1981™, Equation (5), and IEEE Std C57.115-1991™, Equation (2), are rewritten as 
Equation (A.3): 


A®r9 = (A@z0, y-A® zo, if! = &) + A@ro,; (A3) 


A.5 Hottest spot temperature 


IEEE Std C57.92-1981™, Equation (4), and IEEE Std C57.115-1991™, Equation (1), are rewritten as 
Equation (A.4): 


Oy = O,+A@79 + AOy y (A.A) 
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A.6 Thermal capacity 


A.6.1 Nondirected flow transformers 


C is the 0.1323 (weight of core and coil assembly in kilograms) + 0.08818 (weight of tank and fit- 
tings in kilograms) + 0.3513 (liters of oil) 


A.6.2 Directed flow transformers 


C is the 0.1323 (weight of core and coil assembly in kilograms) + 0.1323 (weight of tank and fittings 
in kilograms) + 0.5099 (liters of oil) 


A.7 Time constants 


The top oil time constant at rated kilovoltamperes from the present loading guide IEEE Std C57.91-1995™, 
Equation (7.10), and former loading guides IEEE Std C57.92-1981™, Equation (9), and IEEE Std 
C57.115-1991™, Equation (6), is rewritten as Equation (A.5): 


CAO rz R 


Tro,R = Pea (A.5) 


The top oil time constant at any starting temperature and for any load is given by IEEE Std C57.91.1995™, 
Equation (7.11), IEEE Std C57.92-1981™, Equation (10), and IEEE Std C57.115-1991™, Equation (7). 
These equations are rewritten as Equation (A.6): 


(we 2) a (i ‘} 
AOrzo, R AOro,R 
(ea “\" (sere) 
AOro,R AOro, Rr 


Tro = Tro,R (A.6) 
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Annex B 


(informative) 


Tutorial 


B.1 Transformer temperature considerations 


Because the general relationship between insulation aging rate and operating temperatures is well known, 
transformer operating temperatures under the many various environmental conditions and transient loading 
conditions are a primary concern of the transformer user. It is generally understood by most transformer 
users that the kilovoltampere rating of a transformer is a benchmark rating representing the maximum con- 
tinuous load current that a transformer can carry within the prescribed standard temperature rise limitations. 
Further, it is recognized that the actual conditions experienced by a transformer in service do not generally 
correspond to the steady, standard conditions on which standard ratings are based. For example, heat gener- 
ated by losses in the transformer is proportional to the square of the applied loads, which are not steady, but 
changing throughout the day, as well as with the seasons. Also, the heat dissipation from the transformer is 
affected by external conditions such as ambient air temperature, prevailing wind velocity and direction, and 
solar heating, which are continuously changing. Therefore, the maximum peak load that a transformer can 
carry will depend on the service conditions at the time the load is applied and the maximum operating tem- 
peratures allowed by the user. 


Various guidelines have been used to predict the maximum load that a transformer should carry under vari- 
ous operating conditions and environments. The operating practices of many users, factory test data, and 
service data have provided input into the development and refinement of recommended loading practices. 
These operating practices have been incorporated by the IEEE Transformers Committee into Transformer 
Loading Guides,’ which provide recommendations for determining the permissible loading of a transformer 
under a variety of service conditions and allowable maximum temperatures. These guides, which are based 
on theory combined with empirical data accumulated during years of transformer testing and operation by 
the various manufacturers and users, are considered to be conservative operating practices. Prior to the work 
on this recommended practice, little testing had been performed to determine the operating temperatures 
under actual operating load conditions, because of the technical difficulties and expense of performing such 
tests. 


B.2 History 


In the mid-1970s, one utility performed measurements of transformer temperature rises on a number of 
transformers at loads beyond nameplate rating to verify the ability of the transformers to withstand possible 
overload contingencies. It was observed that the temperatures measured on transformers under various loads 
did not correlate well with the temperatures predicted by the equations and charts in loading guide ANSI 
C57.92-1981. This observation was reported to the Thermal Test Working Group of the IEEE Transformers 
Committee with a request that the accuracy of the equations used in the Loading Guides be reviewed.!° 


The Working Group reviewed the equations in the Loading Guides and concluded that the equations 
represented state-of-the-art knowledge of a transformer’s thermal response to nonstandard loading 
conditions, provided that the correct values of exponents and time constants were used. Discrepancies 


°See Clause 2. 


10L etter from Paul Q. Nelson, Southern California Edison Co., to R. Veitch, Chairman, Working Group on Thermal Test, IEEE/PES 
Transformers Committee, 22 March 1976. 
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between calculated temperatures and temperatures measured during operation were, most likely, due to use 
of assumed typical values of exponents and time constants in the equations used to predict the transformer 
temperatures during operating conditions. A task force was assigned to draft a test procedure that could be 
used to determine the exponents and time constants for transformers in a consistent manner. It was 
anticipated that an accumulation of this data in conjunction with actual measurements of transformers in 
service would provide the data necessary to determine if the equations in the loading guides could be 
improved. 


During the early balloting of the procedure to determine the exponents and time constants of a transformer, a 
number of negative ballots indicated dissatisfaction with the original scope of the procedure. A number of 
working group members were in need of a test procedure that could be specified to verify that a transformer 
could be loaded with a specified load cycle. Negative ballots were cast because the proposed test procedure 
being balloted did not meet this need. In order to resolve the negative ballots, it was decided to expand the 
scope to include test procedures for both purposes. The draft would be modified to add an additional test 
procedure to demonstrate that a transformer could be loaded with a specified load cycle without exceeding 
specified temperature rises. 


Subsequently, during the final balloting process of the expanded document, a negative ballot was filed, peti- 
tioning for a combined test procedure to reduce the test time and costs. The combined procedure would be an 
adaptation of the procedure to determine time constants and exponents, modified to replace the recom- 
mended 70%, 100%, and 125% loads with three loads, which would simulate a user’s specific load cycle. 
One of the three loads would simulate the maximum load conditions in the specified load cycle producing 
the winding hottest spot temperature. The scope of the document was again extended to include this com- 
bined procedure as a third alternative test procedure. 


As work progressed on the draft of this test procedure, two EPRI projects on Transformer Life Characteris- 
tics were completed. Project RP-1289-1 [B6] and RP-1289-2 [B7] included overload testing of full-size 
transformers to study the parameters affecting transformer loss of life during overloads. Knowledge gained 
from these two projects was incorporated into these test procedures. 


B.3 Problems determining thermal characteristics 


The first problem facing the working group was to develop a test procedure to determine the exponents and 
time constants for a specific transformer. During a standard transformer thermal test, oil temperature rises 
are measured and winding temperature rises are determined from winding resistance data taken only after 
thermal stability has been reached at maximum load. This provides only one data point for the determination 
of a load versus temperature rise relationship. Additional data points are required to empirically determine 
the exponents of load versus temperature rise used in the equations of the loading guides. The opinion of the 
working group developing this procedure was that two tests were not accurate enough and that three tests 
would be an acceptable compromise between economic considerations and statistical accuracy. The incre- 
ments of load (70%, 100%, and 125%) to be used for the three tests were arbitrarily selected to provide a 
reasonably accurate spread between data points. 


During the development of this test procedure, many technical issues were addressed concerning conflicts in 
assumptions made to develop the loading guides equations and the standard thermal test procedures in IEEE 
Std C57.12.90-1999™. The more important issues were 

a) Winding hottest spot determination 

b) Temperature rise testing at constant losses or constant current 

c) Ohmic resistance and oil viscosity changes with temperature 


d) Losses and load current relationships 
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B.3.1 Winding hottest spot temperature determination 


IEEE Std C57.12.00-2000™ specifies that the winding hottest spot temperature rise over ambient shall not 
exceed 80 °C for a 65 °C rated transformer. At the time this document was written, the test codes did not 
contain a standard test method for verifying that the hottest spot temperature of a transformer met this 
requirement. Although the loading guides use the winding hottest spot temperature to limit loading, there is 
no standard test procedure for measuring the winding hottest spot temperature, nor is there a standard 
calculation procedure for estimating it. 


Negative ballots were received on later drafts of this recommended practice objecting to the lack of a stan- 
dard method of determining the hottest spot temperature rise. Because no standard procedure existed, and it 
was anticipated that efforts to establish one would create additional delays for this document, these negatives 
were resolved by adding known methods of determining the hottest spot temperature and requiring the user 
and manufacturer to agree on the method prior to performing the test. The following methods are known to 
have been used over the years and were originally considered for inclusion in this document. It was the con- 
sensus of the voting members that method a) be deleted: 


a) Standard winding hottest spot temperature rise allowances suggested by the loading guides 
b) Manufacturer’s proprietary, empirical thermal calculations 


c) IEC Loading Guide equations [B9] using winding temperature and oil temperature data obtained 
during standard temperature rise tests 


d) Measurements of the winding temperatures using fiber optic temperature sensors on transformers 
specially equipped with such devices. 


Each method has advantages and disadvantages, and a lack of agreement has been partially responsible for a 
method not being written into the standards. Upon recommendation of the working group, the [EEE 
Transformers Committee established a task force to study and resolve this important omission in the present 
standards. 


B.3.1.1 Standard winding hottest spot temperature rise allowances 


ANSI/IEEE loading guides recommend that the winding hottest spot temperature at rated load be deter- 
mined by adding 15 °C for 65 °C (10 °C for 55 °C) rise transformers to the average winding temperature.!! 
Apparently, these were derived from the difference between the guaranteed hottest spot rise of 80 °C (65 °C) 
and the guaranteed average winding rise of 65 °C (55 °C). Although generally assumed to be a conservative 
number, recent publications [B13] indicate this may not always be true. Transformers could be designed, in 
accordance with the IEEE standard requirements of IEEE Std C57.12.00-2000™, to meet the 80 °C (65 °C) 
hottest spot temperature rise guarantee with an average winding temperature rise less than 65 °C (55 °C), 
therefore, having a hottest spot allowance greater than 15 °C (10 °C). Because of the possibility of this occur- 
rence, the standard allowance is considered to be the least reliable method of evaluating the winding hottest 
spot conductor temperature. The task force on Hottest Spot Temperature Rise Determination recommended 
this method be dropped from draft 13 of this recommended practice, and this was approved at the Thermal 
Test working group meeting in March 1995. 


B.3.1.2 Manufacturers calculated winding hottest spot allowances 


When requested, manufacturers may provide calculated values for a specific transformer. The calculated val- 
ues are generally based on analytic methods that consider eddy current losses in the winding, insulation on 
conductors, ducting arrangements, and other proprietary design information. When these algorithms have 


"EEE Std C57.91-1995™), subclause 8.1.2, and previous standards IEEE Std C57.92-1981™, Equation (8), IEEE Std 
C57.115-1991™ , Equation (5). 
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been verified by tests on models and prototypes, hottest spot temperatures calculated by these methods are 
preferred over the standard hottest spot allowances. 


B.3.1.3 IEC calculations using data from standard temperature rise tests 


For transformers without forced oil cooling, the IEC Loading Guide [B9] recommends that Equation (B.1) 
be used to calculate the winding hottest spot temperature at any load K times rated load: 


1+R K2 


Inu = 04+ Aro, ER 


| + Fy A@y K2" (B.1) 


For transformers with forced oil cooling, studies indicated that the transformer top oil temperature, as used 
in Equation (B.1), was not a good reference to determine the winding hottest spot temperature. Equation 
(B.2) using the bottom oil temperature and the average oil temperature in the winding ducts was recom- 
mended to calculate the winding hottest spot temperature at any load K times the rated kilovoltampere: 


1+R K2 


duu = Ost Ono Ta 


| + 2[AO 49 y—-A@golK” + Fp A@y K2” (B.2) 


At rated load, K = 1, Equation (B.1) and Equation (B.2) reduce to Equation (B.3) and Equation (B.4), 
respectively, which are in a form suitable to be used to evaluate the hottest spot allowance from data 
obtained from a standard temperature rise test: 


On y = O4t+AOro y+ FyAOw, yu (B.3) 


On,u 


©, +A@go + 2[AO 40, w-AO gol + F ,AQw (BA) 


These equations are derived using a simplified thermal diagram, such as Figure B.1, to represent the more 
complex transformer temperature distribution. To simplify the analysis, the following assumptions were 
made when constructing this diagram: 


a) Both the winding temperature rises and the oil temperature rises between the bottom and top of the 
coils are linear. 


b) The temperature difference between the oil in the duct and the winding conductor interface is a con- 
stant throughout the coil. 


c) The difference between the mean temperature of the conductor at the top of the winding and the 
mean temperature of the oil in the top of the duct is equal to the difference between the average tem- 
perature of the winding and the average duct oil temperature. 


Based on these assumptions, and assuming F',, = |, the ultimate winding hottest spot temperature O;, y 


may be calculated from Equation (B.3) or Equation (B.4) using oil temperature and winding temperature 
data measured during a temperature rise test. 
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Figure B.1—Simplified diagram of transformer thermal circuit 


It is recognized that the ultimate hottest spot temperature calculated using a value of F, = 1 in Equation 
(B.3) and Equation (B.4) understates the ultimate winding hottest spot temperature and would represent the 
lowest limit of the winding hottest spot temperature. Increased eddy current losses at the ends of the windings, 
differences in duct thickness, and variations in insulation thickness and coil support structures will cause the 
winding temperature distribution to be nonlinear. Therefore, the winding hottest spot temperature O;, y 
should be calculated with a hottest-spot factor F, greater than 1 to account for the nonlinearity of the tem- 
perature distribution. IEC 60076-2 [B8] states, “This factor is assumed to be from 1.1 in distribution 
transformers, to 1.3 in medium power transformers. In large power transformers there is considerable variation 
depending on design, and the manufacture should be consulted for information, unless actual measurements 
are carried out.” Loading Guide IEC 354 [B9] states that F',, “may vary from 1.1 to 1.5 depending upon trans- 
former size, short circuit impedance and winding design. For the production of tables and figures in section 
3 (of IEC 354), a value of 1.1 has been used for distribution transformer and 1.3 for medium, large power trans- 
formers.” A report [B12], summarizing CIGRE Working Group 12-09 findings of F, values ranging between 
1.1 and 2.2, suggests 1.3 be used for power transformers under 100 MVA and 1.5 for higher ratings. Methods 
[B13] to determine F,, as a function of coil geometry and types of internal heat transfer have been proposed, 
but no standard method has been adopted. 
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It is important to note that the average oil temperature used in Equation (B.2) and Equation (B.4) should be 
the average temperature of the oil in the coil ducts, which may be different than the mean oil temperature 
calculated from top and bottom oil temperature measurements. The measured top oil temperature is the 
temperature of mixed oil from all heat sources in the transformer and may be significantly different from the 
temperature of the oil exiting the top of the winding containing the hottest spot. This is particularly true 
when forced oil cooling equipment is used. Presently, there is no standard method of determining the 
average temperature of the oil in the winding, and a method found to be reliable should be used. For 
transformers without forced oil cooling, the average of the top and bottom oil temperature measurements is 
frequently used, recognizing that this is a potential source of error. 


B.3.1.4 Direct measurements of winding hottest spot temperatures 


Direct reading temperature measurement devices, using fiber optic sensors and computerized data analysis, 
or similar technology, are currently available and in use in some larger power transformers to measure tem- 
peratures of the winding and the oil within the winding. Justification of the added costs has limited the usage 
of these devices to experimental applications or transformers with special loads. These devices provide the 
capability to directly measure the winding hottest spot temperature when the fiber optic sensors are located 
correctly in the transformer winding. A weakness of these devices is that they are capable of indicating the 
temperature only at the spots where the sensors are located. Therefore, their accuracy in measuring the wind- 
ing hottest spot temperature is dependent on the ability to predict the location of the hottest spot prior to 
placement of the sensors. High temperatures in unexpected locations may not be detected and measured. 
However, even with these disadvantages, many consider fiber optic sensors the best tool available for mea- 
suring winding hottest spot temperatures, and their usage is increasing. It is recommended that fiber optic 
sensors be used for direct measurement of winding hottest spot temperatures where the additional cost can 
be justified. See Annex C for a discussion on the application of fiber optic sensors in transformer windings. 


B.3.1.5 Evaluation of dissolved gases after temperature rise tests 


Although dissolved gas analysis (DGA) technology has been used as a noninvasive method of determining 
that temperatures in a transformer have reached levels of concern, it is unlikely the technique will provide a 
means of determining the magnitude of the winding hottest spot temperature. The quantities of gases produced 
during the short time durations of temperature rise tests may be too small to measure significant gases 
accurately and repeatedly. A guide, IEEE PC57.130™, is currently being developed to provide 
recommendations for the sampling and interpretation of gases generated during factory tests. It may provide 
guidance as to whether excessive temperatures were reached, as suggested by one author [B15]. 


B.3.2 Constant load versus constant losses 


Test Code IEEE Std C57.12.90-1999™ does not specify whether a standard temperature rise test must be 
performed holding constant losses or constant load current. Temperature rise tests employing the 
short-circuit method have been performed using either of the following methods: 


a) Constant losses, equivalent to the maximum rated total losses of the transformer are held throughout 
the test. Applied currents are adjusted throughout the temperature rise test to compensate for ohmic 
resistance changes with temperature and to maintain the total losses necessary to obtain the correct 
top oil temperature rise. 


b) Acconstant current, calculated to produce the rated total losses when the winding temperatures stabi- 
lize near the end of the test, is held throughout the test. Oil temperatures are adjusted by calculation, 
when necessary, to compensate for small differences between the final measured losses and the total 
losses. 


Thermal time constants for transformer oil temperature rises will be different for the two methods. The sec- 
ond method is recommended in this recommended practice because time constants determined by this 
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method are considered to be more representative of the time constants needed to satisfy the equations of the 
Loading Guides. 


B.3.3 Ohmic resistance and oil viscosity changes with temperature 


There is concern that standard loading guide equations do not accurately compensate for the resistance 
change of the windings, nor for the fluid viscosity change with temperature. In the development of the equa- 
tions of the loading guides, these two effects were assumed to effectively cancel each other. The degree of 
cancellation will affect the exponents n and m, hence the emphasis in this recommended practice for deter- 
mining the correct values of the exponents for a given transformer when applying the equations of the 
loading guides. 


B.3.3.1 Properties of oil affecting winding temperature rises 


It is recognized that the thermochemical changes in fluid characteristics (viscosity, density, heat capacity, 
etc.) have an effect on the temperature rise of a transformer. As the temperature of the oil increases, the vis- 
cosity decreases, the density decreases, and the heat capacity decreases. These changes in fluid 
characteristics will cause small changes in the ability of the fluid to absorb heat, carry heat, and transfer heat 
to the cooling equipment. 


The viscosity of the fluid is a measure of its resistance to flow. As the viscosity decreases, the resistance to 
flow decreases, permitting more fluid to flow through the coil ducts and cooling equipment on natural cooled 
transformers. On natural cooled transformers, the changes in viscosity may have a significant effect on trans- 
former cooling rates. On forced cooled transformers with directed flow, this effect is not as pronounced at 
operating temperatures, because the viscosity changes do not have a significant effect on pump output and 
oil flow rates. 


Large viscosity increases due to subzero temperatures will have a pronounced effect on both natural cooling 
and forced cooling of transformers. Large temperature differences between the winding temperatures and the 
oil temperatures have been reported [B2] on transformers tested, simulating cold start-up conditions at sub- 
zero temperatures. These large temperature differences are attributed to reduction in flow rate of the more 
viscous oil at subzero temperatures. The flow of oil in the coil ducts may be restricted by the more viscous oil 
near the tank wall and in the radiators or cooling panels. Users should use care in applying loads above name- 
plate rating to very cold transformers. 


The difference in density of the hot oil in the coils and the cooler oil in the surrounding tank and cooling 
media is the driving force causing the thermo-siphon oil flow in natural cooled transformers. The magnitude 
of this force is relatively small compared with the pressures created by a pump in forced oil cooled trans- 
formers. Therefore, the variations in oil densities over the normal operating range of a transformer have little 
effect on the cooling of forced oil cooled transformers. 


The heat capacity (specific heat) defines the quantity of heat carried by each unit volume of circulating oil. 
The heat capacity changes only slightly with the temperature rises normally experienced in transformers. 
Although the difference in specific heat between different fluids may affect performance, the variations in 
the specific heat of transformer oil over the operating temperature ranges of a transformer has an insignifi- 
cant affect on thermal performance. 


B.3.3.2 Combined effects 


The thermal equations in the loading guides consider the effects of viscosity changes, density changes, and 
thermal capacity to be offsetting and negligible when compared with the other assumptions made in the 
development of the equations. It was assumed that any increased cooling effects due to changes in fluid char- 
acteristics would be offset by increased losses due to increased winding resistances at the increased 
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temperatures. In the procedures used in Clause 9 to develop the time constants and exponents, the variations 
in temperature rises due to changes in winding resistance and changes in fluid characteristics would be com- 
pensated for by empirically deriving the constants from test data. 


B.3.4 Transformer temperature rise equation development 


Fundamental heat transfer relationships have been empirically developed to relate heat flow rates (watts, 
BTU/hour) as a function of temperature differentials. The heat is generated in a transformer by the internal 
losses, which are a complex function of the applied loads. Users, evaluating transformer loading, needed 
simpler equations to determine the maximum loads a transformer could carry without exceeding allowable 
temperatures. Equations in the loading guides were developed by simplifying the fundamental heat transfer 
equations and combining them with simplified transformer loss calculations. 


Equation (B.5) is a fundamental heat transfer equation relating temperature differentials and heat transfer 
rates by convection, which was developed using empirical techniques: 


(Naw) = ke(N gp )(N py) (B.5) 
where 
(Noa) is the Nusselt’s number, derived from a dimensionless grouping of the heat transfer coefficient, 


height of surface, and thermal conductivity of fluid 
Nop) is the Grashof’s number, derived from a dimensionless grouping of fluid properties, physical 


dimensions, and temperature difference 


ye) is the Prandtl’s number, derived from a dimensionless grouping of the specific heat, thermal 
conductivity, and viscosity of the fluid 
k, is an empirically derived constant 


With appropriate assumptions of fluid properties and physical parameters, the dimensionless quantities can 
be reduced to Equation (B.6), which has been used for many years [B3], [B4] to evaluate the heat transfer 
rate from surfaces, cooled by the convection of fluids, both gases and liquids: 


q. = h'(A@)"" (B.6) 


de is the heat transfer rate (W/unit area) 


h' is the heat transfer coefficient, an empirical constant, varying with fluid properties, surface condi- 
tions, and physical parameters 

AO is the difference in temperature between the surface and the ambient fluid at a distance from the 
surface, °C 

n is the empirical constant, normally 1.25 for vertical metal surfaces cooled by air 
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Equation (B.7), a general relationship between temperature rise and losses, may be developed from Equation 
(B.6) by inverting the equation and adjusting the empirical constants accordingly: 


AO =h Pp" (B.7) 
where 


P are the total losses (W) 
n is the empirical constant 


h is the empirical constant 


This equation has been accepted as a valid relationship when appropriate empirically determined values of 
h and n are chosen. From it, a relationship between temperature rises and loads, such as Equation (B.8), 
may be developed, where the top oil temperature at any load may be calculated if the top oil temperature rise 
at rated load and the exponent n are known. For example, knowing the losses Pp and top oil temperature 
rise AO, of a transformer load at its maximum nameplate ratings L, , the top oil temperature rise AO 79 y 
of a transformer loaded at another load L may be calculated from Equation (B.8), if the losses P, at that 
load are known: 


Py" 
A®z0,u = A@ro, | 5: | (B.8) 


Equation (B.9), used in the transformer loading guides to evaluate transformer top oil temperatures under 
various loading conditions may be developed from Equation (B.8) by assuming that the ratio of losses 
(P,/Pp) may be approximated by the relationship [(K’R +1)/(R4+1)]: 


K2R+17" 
A =A ———_— B. 
®r0,0 = Ar0.8| ee | (B9) 
where - 
R is the ratio of load loss to no load loss 


K is the ratio of loads L/L, 


This substitution is an approximation, assuming the following: 


a) Winding resistance does not change with temperature. 
b) All eddy current and stray losses are assumed to increase with the square of the load. 


c) No-load losses do not change with temperature. 


Because resistance losses increase with temperature, and eddy current and stray losses vary inversely with 
temperature compared with the resistance losses, the total losses will be slightly less than those calculated by 
Equation (B.9). Consequently, the equations in the loading guides, which were developed from these rela- 
tionships, are somewhat conservative and may predict temperatures slightly higher than measured during 
tests. 


These assumptions create a problem when comparing the test data from test procedures to temperatures pre- 
dicted by the equations of the loading guides. The test data available could be used to determine either the 
top oil temperature rise versus measured total losses or the top oil temperature rise versus the function of 
load (K?R + 1)/(R + 1), which is used in the loading guides to approximate the losses. The exponent n would 
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be different for the two methods because of the difference in the measured loss and the approximated loss. In 
Clause 9 of this test procedure, the exponent n is determined as a function of (K°R + 1)/(R + 1), to be consis- 
tent with its use in the equations of the loading guides. 


Similarly, the loading guides define the exponent m as the exponential power of winding loss versus winding 
temperature rise, but uses the exponent as the exponential power of winding load versus winding hottest spot 
temperature rise.!? 


Because there are no standard methods for determining the winding hottest spot temperature from standard 
temperature rise test data, this recommended practice assumes the winding hottest spot rise will be propor- 
tional to the average winding temperature rise. The value of the exponent m is determined as the exponential 
power of load versus average winding temperature rise. Where direct reading hottest measurements have 
been taken, the exponent m should be determined by plotting the measured hottest spot temperatures versus 
the load. 


B.4 Temperature rise testing to verify loading to a load cycle 


B.4.1 Need for a load cycle test procedure 


During balloting of the test procedure to determine the exponents, it became apparent that a substantial 
number of negative ballots being received were from members who were not satisfied with the original 
scope and wanted a different test procedure. In order to overcome these negative ballots, the scope was 
expanded to add a thermal test procedure to demonstrate that a transformer could be loaded with a particular 
specified load cycle, which included loads beyond the nameplate rating of the transformers. Typically, the 
load cycle to be used in the test would be representative of a worst-case, emergency loading situation. The 
purpose of the test would be to demonstrate that a transformer could withstand the specified loading cycle 
without significant damage beyond the normal accelerated aging due to operating the transformer at 
increased temperatures. 


B.4.2 Test procedure difficulties 


The development of a test procedure to determine the winding temperatures during such a transient loading 
condition presented some additional technical challenges to the working group. Because existing temperature 
rise test procedures required that the transformer be at both a stable loading and thermal condition when mea- 
surements are taken, a procedure had to be developed to determine temperature rises under transient load 
conditions. A method also had to be worked out to simulate the effects of no-load losses that do not exist when 
the short-circuit method is used to perform thermal tests. Because the temperature rise at any time in the tran- 
sient load cycle is dependent on the preceding temperatures, a procedure had to be developed to determine a 
typical starting temperature. 


B.4.3 Winding temperature rises during transient loading conditions 


Because discontinuing the load at intervals to obtain winding resistances would create periods of no load 
(significantly reducing the total energy input), would disrupt the thermal cycle, and essentially would make 
the end point results useless, it was decided that the winding resistance measurements should be made only 
after the final test interval. The equations of the loading guides would be used to predict the time when the 
maximum temperature would occur so that the load could be removed and winding resistances taken at that 
time. A sample calculation describing the procedure to determine when the hottest spot would occur is given 
in Annex C of IEEE Std C57.115-1991™. 


See Annex A, Equation (A.2). 
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Top oil temperatures and tank surface temperatures were selected to monitor the thermal cycle test because 
these are the only temperatures convenient to measure unless direct reading hottest spot measuring devices 
have been installed. Winding temperatures should be estimated periodically, using the relationships between 
top oil temperature rise and winding temperature rise determined in Clause 9 of this procedure, to assure that 
excessive winding temperatures do not occur. When hottest spot devices are installed, they should be moni- 
tored to assure temperatures do not reach excessive values. 


B.4.4 Winding hottest spot temperature determination 


As previously discussed, there are no standard procedures for determining the location of the hottest spot nor 
standard methods for measuring the hottest spot temperature of an energized transformer. Consequently, the 
hottest spot temperature may be determined by any of the alternatives discussed in 9.8.3. 


B.4.5 No-load loss simulation 


When using the standard short-circuit thermal test method, no-load losses are not present. The standard pro- 
cedure simulates the no-load loss by increasing the load during the test so that the load losses generated 
during the test are equal to the total rated losses (rated load plus rated no-load losses). During a standard 
temperature rise test, the additional load loss required to simulate the no-load loss may be determined 
because the final steady state temperatures can be estimated with sufficient accuracy. However, during a tem- 
perature rise test under changing loading conditions, the winding resistance changes throughout the test, 
making it difficult to simulate a constant loss equivalent to the no-load loss. The simulation of a constant loss 
requires the additional load be continuously recalculated as the winding temperature changes and the total 
load adjusted accordingly. In this test procedure, a chart (Figure 2) was developed to determine the addi- 
tional load current required during the performance of the tests. 


B.4.6 Initial test conditions 


In accordance with the loading guides, the winding hottest spot temperature 0,, can be calculated for the 
end of any time period during a transient loading cycle by iterating through the cycle using Equation (A.2) 
through Equation (A.4) for each time period during the cycle. These equations show that the hottest spot at 
the end of any time period is dependent on the initial top oil temperature at the start of that period. Therefore, 
in order to determine the temperature at the end of a load cycle by test, it is important that the initial top oil 
temperature at the start of that test be correct. It should represent the temperature that would be obtained if 
the load cycle was repeated many times until the temperature cycle became a stable cycle. 


Iterative calculations of top oil temperature, performed using a typical load cycle through a number of cycles 
until the top oil temperatures became stable, were compared with the ultimate top oil temperature calculated 
due to a conditioning load determined per 10.4. The results of the two calculations procedures compared 
within approximately 1 °C; therefore, the simpler calculation procedure was chosen for this test procedure. 


B.5 Simplified test procedure to simulate a load cycle 


Clause 11 is an integrated test procedure that may be used for those cases in which the user’s particular load 
cycle can be represented by an equivalent cycle consisting of three loads. By using three particular loads rep- 
resentative of the load cycle, rather than the 70%, 100%, and 125% used in Clause 9, the procedures of 
Clause 9 and Clause 10 may be combined into three tests to obtain the thermal exponents, time constants, 
and measured winding rises at the end of the equivalent cycle. This has the advantage of reducing the 
amount of test time required for tests in both Clause 9 and Clause 10. 
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Annex C 


(informative) 


Hottest spot measurements using direct reading fiber optics 
temperature measurements 


C.1 Background 


Fiber optic temperature measurement devices have proven to be a viable method of measuring the tempera- 
ture of transformer winding conductors and insulation without compromising the dielectric strength of a 
winding. The fiber optic sensors, used in the fiber optic temperature measurement devices, have characteris- 
tics that make it necessary to observe certain precautions during the location and installation, to assure that 
satisfactory results will be obtained. The location of fiber optic sensors depends on the method of placement, 
winding construction, and internal transformer layout. 


C.2 Location of sensors 


Two precautions should be observed when locating and installing fiber optic sensors. First, the sensors 
should be located in one or more positions that previous experience or thermal analysis has indicated to be 
the hottest spot of the transformer. Second, fiber optic sensors should be located such that they are isolated 
from potential sources of physical damage. On three-phase units, the highest temperature is likely to occur 
near the top of the center coil. When the transformer is equipped with a load tap changer (LTC), it is recom- 
mended the fibers be located to minimize interference between fibers and LTC leads. It is also recommended 
the fibers be located away from the current transformer leads. 


C.3 Sensor placement 


Sensors should be placed against an accessible individual strand of conductor in a disk, layer, or helical 
winding, where the strand can be reinsulated after placement of the sensor. The sensor should be placed 
alongside of the conductor, in a position where it cannot be accidentally crushed by an adjacent conductor. If 
a disk, layer, helical, or pancake winding is built with machine transposed cable (MTC), one suggested 
method of placement is to locate the sensor in the small space that exists at the transposition. Access to the 
MTC conductor may be obtained by removal of the outer layer of paper. After installation of the sensors, the 
conductors shall be reinsulated to restore the dielectric strength. 


The location of the conductor hottest spot may be at the interface between a conductor and a radial spacer. If 
so, the sensors may be imbedded in a radial spacer adjacent to the conductor hottest spot. Proper installation 
in a spacer provides convenient, secured placement, which provides protection from crushing of the fiber 
optic sensors. Spacers are typically prepared in advance. Sensors should be placed in drilled holes in the 
spacer, and then cemented in place with a thermosetting resin, which is forced in via a second hole to com- 
pletely fill any remaining voids in the spacer. Recently, an experimental, soft, expandable spacer has been 
developed for use in retrofit situations. 
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C.4 Installation considerations 


Generally, fiber optic cable should be treated in the same manner as any other insulating material. Cables 
should be routed to follow the equipotential lines of the dielectric field. Assemblers should be trained in the 
proper handling of the fibers to prevent accidental breakage, as the cost to replace fiber optic cables is high. 


Three individual lengths of fiber are recommended to connect the sensor to the recording instrument. One 
fiber optic cable connects the sensor to the exterior of the winding. Another, forming an extension, 
preferably protected by a large diameter hard insulating tube, runs from the winding to the tank wall. A third 
extension runs from the outer tank wall to the recording instrument. Fiber optic cables located under oil are 
connected by an injection molded connector. 
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Annex D 


(informative) 
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